Poly-ubiquitination-mediated RUNX2 degradation is an important cause of age-and inflammation-related bone loss. NEDD4 family E3 ubiquitin protein ligases are thought to be the major regulators of RUNX2 poly-ubiquitination. However, we observed a mono-ubiquitination of RUNX2 that was catalyzed by WWP2, a member of the NEDD4 family of E3 ubiquitin ligases. WWP2 has been reported to catalyze the mono-ubiquitination of Goosecoid in chondrocytes, facilitating craniofacial skeleton development. In this study, we found that osteogenic differentiation of mesenchymal stem cells promoted WWP2 expression and nuclear accumulation. Knockdown of Wwp2 in mesenchymal stem cells and osteoblasts led to significant deficiencies of osteogenesis, including decreased mineral deposition and down-regulation of osteogenic marker genes. Co-immunoprecipitation experiments showed the interaction of WWP2 with RUNX2 in vitro and in vivo. Mono-ubiquitination by WWP2 leads to RUNX2 transactivation, as evidenced by the wild type of WWP2, but not its ubiquitin ligase-dead mutant, augmenting RUNX2-reponsive reporter activity. Moreover, deletion of WWP2-dependent mono-ubiquitination resulted in striking defects of RUNX2 osteoblastic activity. In addition, ectopic expression of the constitutively active type 1A bone morphogenetic protein receptor enhanced WWP2-dependent RUNX2 ubiquitination and transactivation, demonstrating a regulatory role of bone morphogenetic protein signaling in the WWP2-RUNX2 axis. Taken together, our results provide evidence that WWP2 serves as a positive regulator of osteogenesis by augmenting RUNX2 transactivation in a nonproteolytic mono-ubiquitination manner.
The maintenance, repair, and remodeling of the skeleton is regulated by constant resorption and formation of bone mineral. Hematopoietically derived osteoclasts control bone resorption, whereas mesenchyme-derived osteoblasts facilitate bone mineral deposition (1) . Imbalance of these two processes causes osteoporosis, an age-related skeletal disorder. Among various pathogenic factors associated with osteoporosis, the defect of mesenchyme osteoblast-driven osteogenesis is a significant risk (2, 3) .
The transcription factor RUNX2 belongs to the Runt domain-containing gene family, which is a master regulator for osteoblast differentiation as well as for chondrocyte maturation during skeletal development (4, 5) . The commitment of mesenchymal progenitors to the osteoblastic lineage requires sequential actions of RUNX2 and the RUNX2 target OSTERIX (6) . Targeted disruption of the Runx2 gene in mice resulted in complete lack of osteoblasts (7, 8) . Structurally, RUNX2 proteins possess two functional regions. The N-terminal region is characterized by a highly conserved 128-amino acid region termed the "Runt domain," which is responsible for DNA binding and heterodimerization with the co-factor CBFB (9) . The C-terminal region is rich in proline, serine, and threonine, being involved in functional interactions with various other transcriptional coactivators and corepressors (5) .
RUNX2 proteins by themselves are often weak transcriptional regulators. On one hand, numerous nuclear factors have been shown to synergize with RUNX2 to promote osteoblast differentiation, such as TAZ, RB, and SATB2, by enhancing RUNX2 activity or acting as co-activators (10 -12) . Moreover, RUNX2 regulation of target gene expression seems to be modulated by chromatin modifiers in the nucleus (13) (14) (15) . On the other hand, highly dynamic protein posttranslational modifications, especially protein ubiquitination, play a critical role in RUNX2 activation and bone homeostasis (16 -21) . A growing body of evidence demonstrates that NEDD4 family HECT-type E3 ubiquitin protein ligases functionally act on osteoblasts and their precursors by degrading a range of key regulators of bone anabolism. NEDD4 family ligases consist of nine members: NEDD4/4L, WWP1/2, ITCH, SMURF1/2, and NEDL1/2. SMURF1 targets MEKK2 degradation and down-regulates bone mass in an age-dependent manner (17, 18) . Wwp1 knockout mice develop increased bone mass as they age, associated with up-regulated protein levels of RUNX2, JUNB, and CXCR-4 (20) . TNF␣ facilitates inflammatory bone loss and destruction of RUNX2 by up-regulation of SMURF1 and SMURF2 in osteoblasts (21) . Although a number of biochemistry data suggest that RUNX2 may be a target of HECT family E3 ligases, the physiological role and molecular mechanism of RUNX2 ubiquitination in osteoblast commitment and differentiation remain controversial. For instance, RUNX2 in Smurf1 Ϫ/Ϫ mice does not exhibit significant up-regulation of protein stability (17) . Similarly, aged Wwp1 Ϫ/Ϫ mice have increased protein stability of JUNB rather than RUNX2 (20) .
Recently, Zou et al. (22) demonstrated that targeted disruption of Wwp2 in mice led to profound craniofacial malformation and a shortened trunk because of deficiencies of SOX9-Goosecoid signaling in chondrocytes . In this study, we found that WWP2 might also be involved in the osteogenic differentiation of mesenchymal stem cells and primary osteoblasts. Moreover, WWP2 catalyzes the mono-ubiquitination, but not poly-ubiquitination, of RUNX2, by which WWP2 potentiates the transcriptional and osteoblastic activity of RUNX2. In addition, we identified three lysine residues (Lys-202, Lys-225, and Lys-240) derived from murine Runx2 proteins that are essential for RUNX2 mono-ubiquitination and transactivation. Importantly, missense mutations of Lys-225 and Lys-240 had been identified in human cleidocranial dysplasia, a severe skeletal disorder caused by insufficiency of RUNX2 transcriptional activity (23, 24) . Therefore, our results support a positive relevance of WWP2-mediated RUNX2 ubiquitination in RUNX2 activity and skeleton development.
Results

The HECT domain facilitates cytoplasmic retention of WWP2
Western blotting and quantitative PCR assays revealed that the NEDD4 family E3 ubiquitin protein ligase WWP2 was ubiquitously expressed in a variety of tissues, including the skull (Fig. 1, A and B) . We also found that skulls from aged mice exhibited down-regulation of the osteoblast-specific genes Runx2, Bglap, and Ptprv as well as Wwp2 (Fig. 1C ). WWP2 has been reported to catalyze poly-ubiquitination of POU5F1 in human embryonic stem cells (25) and mono-ubiquitination of Goosecoid in chondrocytes (22) . However, the regulation of WWP2 in mesenchyme-osteoblast transition and osteoblast differentiation remains unclear. Utilizing an in vitro C3H10T1/2 cell differentiation model, we examined the expression and the subcellular localization of WWP2 in preand post-osteogenic cells. As shown in Fig. 1D , a moderate increase in WWP2 expression in post-osteogenic cells was observed. More importantly, the subcellular localization of WWP2 in mesenchymal stem cells was changed during osteogenic differentiation. Immunofluorescence against WWP2 revealed a more evident nuclear localization of WWP2 proteins in post-osteogenic cells (Fig. 1E ).
WWP2 proteins consist of several modular units, an N-terminal C2 domain, four central WW domains, and a C-terminal catalytic HECT domain. In addition, a non-conserved region of ϳ200 amino acids is located between the C2 and WW domains. A previous report demonstrated that SOX9 could interact with the N terminus of WWP2 and then recruit WWP2 into the nucleus (26) . To illustrate the role of each unit in the regulation of WWP2 nuclear translocation, various HA-tagged truncated mutants of WWP2 proteins were introduced into HEK293T cells, and then immunofluorescences against an HA tag were carried out. The full-length WWP2 and the truncated WWP2 lacking the C2 domain, non-conserved region, or WW domain exhibited similar cytoplasmic localization, but the lack of a catalytic HECT domain resulted in significant nuclear accumulation of WWP2 proteins (Fig. 1, F and G) . This result suggests that WWP2 proteins by themselves can be actively transported into the nucleus in the absence of the HECT domain. Accordingly, we hypothesized that the existence of the HECT domain may block the nuclear localization signal (NLS) 4 of WWP2 proteins or that the HECT domain harbors a strong nuclear export signal (NES).
The NLS is responsible for active transport of nuclear proteins, which is typically characterized by positively charged amino acid clusters (27, 28) . However, such a typical NLS is not included in WWP2 proteins. To further verify active nuclear transport of WWP2 proteins, we constructed a mutated RAN GTPase with low GTP-bound capability, RAN T24N . GTPbound RAN is essential for NLS-dependent nuclear import; thus, expression of RAN T24N in cells can interfere with in vivo active nuclear transport processes (29 -31) . As expected, the nuclear translocation of WWP2-⌬HECT was significantly blocked in RAN T24N -expressing cells ( Fig. 1H ). We also treated cells with leptomycin B (LMB) to block NES-dependent CRM1mediated nuclear export (32) . However, treatment of LMB could not accumulate WWP2 proteins in the nucleus; as a control, NES-facilitated cytoplasmic retention of the nuclear protein GLI was remarkably reversed (Fig. 1I ). Taken together, the C-terminal HECT domain negatively regulates WWP2 nuclear translocation by suppressing WWP2 active nuclear import rather than enhancing WWP2 nuclear export.
WWP2 positively regulates osteogenesis and RUNX2 transcriptional activity
The commitment of mesenchymal stem cells to osteoblasts and osteoblast differentiation are the main processes of bone anabolism, which declines with aging (33, 34) . The expression of WWP2 in bone is negatively correlated with age ( Fig. 1C ). However, WWP2 expression is increased during osteogenic differentiation of mesenchymal stem cells ( Fig. 1D ). Moreover, WWP2 localization is changed to more nuclear retention ( Fig.  1E ). Thus, we speculated that WWP2 may be involved in osteogenic differentiation. To test this idea, we used lentiviruses to transfer Wwp2-interfering shRNA into C3H10T1/2 cells. The result, as shown in Fig. 2A , was that knockdown of Wwp2 remarkably reduced the number of mineralized matrix nodules in post-osteogenic cells. Consistent with this, the major osteogenic marker genes Osterix, Alpl, and Bglap were significantly suppressed ( Fig. 2B ). To further demonstrate the osteogenic role of WWP2, we isolated primary osteoblasts from the femur of mice. shRNA-mediated inhibition of Wwp2 expression similarly blocked osteogenic differentiation of osteoblasts ( Fig. 2 , C and D). In addition, overexpression of WWP2 in mesenchymal stem cells was capable of enhancing osteogenic marker genes during osteogenesis (Fig. 2 , E and F). Taken together, these results suggest that WWP2 is a positive regulator of osteogenic differentiation.
Expression of the osteogenic markers OSTERIX, BGLAP, and ALPL are transcriptionally controlled by the master transcriptional regulator RUNX2 (6, 14, 35, 36) , but we found that alternations of WWP2 expression in osteogenic cells did not affect Runx2 expression levels (Fig. 2, B and D-F). At the same time, expressing a truncated Runt domain to compete for DNA occupation with endogenous RUNX2 or decreasing Runx2 expression by shRNA significantly suppressed WWP2-facilitated expression of osteogenic markers (Fig. 2, E and F) . These results suggest that RUNX2 might function downstream of WWP2 during osteogenic differentiation but that it is not the transcriptional target of WWP2-involved signaling. We then asked how WWP2 regulates RUNX2 actions in osteogenic differentiation. Although WWP2 belongs to the NEDD4 family of E3 ubiquitin protein ligases, overexpression of WWP2 or knockdown of Wwp2 did not change RUNX2 protein contents ( Fig. 3, A and B) . Knockdown of Wwp2 did not affect the nuclear localization of RUNX2 proteins in osteogenic cells ( Fig. 3C ). These results demonstrate that WWP2 is dispensable to RUNX2 protein stability or subcellular localization in osteogenic cells. Given these findings, we inferred that WWP2 may be involved in the regulation of RUNX2 transcriptional activity.
To examine RUNX2 transcriptional activity in vitro, we constructed a luciferase reporter gene containing the Runt DNAbinding consensus sequence 5Ј-ACCACA-3Ј. We then performed reporter assays where RUNX2 was co-transfected in Figure 1 . The HECT domain facilitates cytoplasmic retention of WWP2. A, examination of WWP2 protein levels in mouse tissues from 8-week-old mice; each sample was a mixture from five mice. B, examination of Wwp2 mRNA levels in mouse tissues from 8-week-old mice (n ϭ 6). AU, arbitrary unit. C, examination of Wwp2 mRNA levels in skulls from young mice (8 weeks) or aged mice (48 weeks) (n ϭ 6). D, C3H10T1/2 cells were differentiated into osteocytes as described under "Experimental Procedures." The protein content and mRNA level of Wwp2 were examined in pre-and post-osteogenic cells. E, C3H10T1/2 cells were differentiated into osteocytes (Osteo). Immunofluorescence against WWP2 was performed in pre-and post-osteogenic cells. Scale bar ϭ 50 M. Undiffer, undifferentiated. F, HA-tagged mutants were introduced into HEK293T cells, and immunofluorescence against HA antibody (IF-HA) was performed. Scale bar ϭ 50 M. G, schematic of truncated mutants of WWP2. H, HA-tagged WWP2-⌬HECT was co-expressed with or without RAN T24N in HEK293T cells, and immunofluorescence against HA antibody was performed. Scale bar ϭ 50 M. I, HA-tagged WWP2 and NES-fused GLI-GFP were expressed in HEK293T cells overnight, and then cells were treated with LMB (2 M) for 8 h. Immunofluorescence against HA antibody for WWP2 was performed. Scale bar ϭ 50 M. All data are represented as mean Ϯ S.D. *, p Ͻ 0.05; **, p Ͻ 0.01; Student's t test; n ϭ 3.
HEK293T cells along with the reporter gene in the absence or presence of WWP2. We observed that RUNX2 alone had faint transcriptional activity, but WWP2 co-expression significantly augmented it ( Fig. 3D ). To further access the regulation of WWP2 in RUNX2 transactivation, we constructed a Bglap promoter-based luciferase reporter. Interestingly, we found that RUNX2-facilitated activation of the Bglap promoter was remarkably enhanced by WWP2 ( Fig. 3E ). However, thyroid receptor (TR␣)-modulated activation was not affected ( Fig. 3E ). Taken together, these results demonstrate that WWP2 can positively regulate RUNX2 transactivation.
The transcriptional activity of RUNX2 is cooperated by its DNA binding domain and transcriptional activation domain. Therefore, we asked which part is regulated by WWP2. The co-factor CBFB has been known to form a heterodimer with RUNX2, thus enhancing RUNX2 DNA binding activity (37, 38) . We found that the presence of WWP2 did not increase the affinity of RUNX2 for CBFB ( Fig. 3F ). Moreover, ChIP assays also showed that WWP2 did not affect the association of RUNX2 with reporter DNA (Fig. 3G ). These results suggest that WWP2 is not involved in regulation of the RUNX2 DNAbinding capacity. Next we pursued whether WWP2 can regulate the transcriptional activation of RUNX2. A fusion of RUNX2 with GAL4-DNA binding domain, DBD-Runx2, was constructed. Using a GAL4-responsive reporter gene, we confirmed that the transcriptional activity of DBD-RUNX2, but not wild-type RUNX2 or the individual GAL4-DBD, was stimulated by the co-expression of WWP2 ( Fig. 3H ). Wild-type RUNX2 cannot recognize and bind to the GAL4-responsive reporter, whereas the individual GAL4-DBD lacks the transcriptional domain. Therefore, this result demonstrates that WWP2 augments the intrinsic transcriptional activation, but not DNA binding capacity, of RUNX2.
WWP2 induces mono-ubiquitination of RUNX2
Osteogenic differentiation induced ubiquitination of RUNX2 proteins that could be eliminated by knockdown of Wwp2, suggesting that WWP2 may be involved in RUNX2 ubiquitination modification during osteogenesis of mesenchymal stem cells ( Fig. 4A ). Furthermore, the ubiquitin ligase-dead mutant WWP2-⌬HECT failed to activate RUNX2, whereas the expression of exogenous ubiquitin further enhanced WWP2-stimulated RUNX2 transactivation, demonstrating that the ubiquitin E3 ligase activity of WWP2 is involved in the regulation of RUNX2 transcriptional activity (Fig. 4B ). To further assess RUNX2 ubiquitination induced by WWP2, we co-expressed RUNX2 along with His-ubiquitin in HEK293T cells. The ubiquitin-conjugated RUNX2 proteins were pulled down by an Ni-NTA column. Western blotting showed that WWP2-co-expression obviously induced RUNX2 ubiquitination ( Fig. 4C ). WWP2 can facilitate both poly-ubiquitination and mono-ubiquitination (22, 25, 39) . Because mono-ubiquitination generally causes more activation rather than degradation of target proteins, we next validated whether RUNX2 is mono-ubiquitinated by WWP2. Ub-K0, a mutated ubiquitin in which all seven lysine residues are substituted with arginine residues, can pre- 
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vent the formation of poly-ubiquitin chains. As expected, the ubiquitination pattern of RUNX2 in Ub-K0-expressing cells was similar to that in wild-type ubiquitin-expressing cells (Fig.  4D ), suggesting a mono-ubiquitination manner for RUNX2 upon WWP2 co-expression. Consistent with this result, WWP2 did not affect the turnover of RUNX2 proteins (Fig.  4E ). In addition, WWP2 also catalyzed strong ubiquitination of SMAD1 and weak ubiquitination of SMAD4, the important transcription co-regulators of osteogenesis and bone development (Fig. 4F ). However, overexpression of WWP2 could not stimulate the transcriptional activity of the SMAD1-SMAD4 complex (Fig. 4G) . Taken together, we concluded that WWP2 utilizes a distinct non-proteolytic mono-ubiquitination manner to fine-tune the transcriptional activity of RUNX2.
HECT-type E3 ubiquitin ligases facilitate the conjugation of ubiquitin by directly interacting with their target proteins (40) . Therefore, we performed co-immunoprecipitation (co-IP) to validate whether RUNX2 is associated with WWP2. We overexpressed FLAG-tagged RUNX2 with or without HA-tagged WWP2 in HEK293T cells, and co-IP experiments were performed with HA antibody. The result, as shown in Fig. 4H , was that RUNX2 was well detected in WWP2-containing immunoprecipitation complexes. Next we examined the association of RUNX2 with WWP2 in vivo. Because WWP2 is translocated into the nucleus upon osteogenic differentiation, the nuclear extracts from post-osteogenic C3H10T1/2 cells were collected and then subjected to immunoprecipitation against a WWP2 antibody. Western blotting clearly showed that RUNX2 was able to associate with WWP2 in the nuclear extracts ( Fig.  4I ). Although the WW domain of WWP2 can recognize and bind to the proline-rich PPXY motif (41, 42) , we found that the PPXY motif was dispensable to the association of RUNX2 with WWP2. Co-IP revealed that the Y433A mutation that destroys the PPXY motif of murine Runx2 could not disrupt the association of RUNX2 with WWP2 ( Fig. 4J) . Moreover, WW domaindeleted WWP2 could bind to RUNX2 proteins as the wild type of WWP2 (data not shown). Consistent with these interaction assays, the transcriptional activity of the Y433A mutant was also able to be stimulated by WWP2 (Fig. 4K) . The individual GAL4-DBD, wild-type Runx2, or DBD-Runx2 was co-transfected along with a GAL4-responsive luciferase reporter in the absence or presence of WWP2. After 24 h, luciferase reporter assays were performed. Ub, ubiquitination; LUC, luciferase; AD, transcriptional activation domain. All data are represented as mean Ϯ S.D. **, p Ͻ 0.01; ns, not significant; Student's t test; n ϭ 3.
Residues Lys-202, Lys-225, and Lys-240 are essential for RUNX2 ubiquitination
Individual Lys-to-Arg substitutions for all lysine residues were generated in murine Runx2 proteins. We identified three substitutions for Lys-202, Lys-225, and Lys-240 that apparently impaired WWP2-mediated RUNX2 transactivation (Fig. 5A ). In addition, we observed that the double mutation of Lys-202 and Lys-225 (K2R) resulted in more significant inhibition than the other two double mutations (Fig. 5B) . The ubiquitination assay also confirmed that the K2R mutation could suppress WWP2-mediated RUNX2 ubiquitination (Fig. 5C ). In addition, the histone acetyltransferase p300 can induce the acetylation of lysine residues of RUNX2 proteins, thereby stimulating RUNX2 transactivation (15) . However, we found that the K2R mutation barely influenced p300-stimulated RUNX2 transcriptional activity (Fig. 5D ), indicating a dominant role of Lys-202 and Lys-225 for WWP2. Then we investigated the physiological role of WWP2-mediated RUNX2 ubiquitination in vivo. C3H10T1/2 cells were introduced with the wild-type or K2R of RUNX2, which then underwent osteogenesis. Immunofluorescence showed that the wild-type and K2R of RUNX2 were expressed in the nuclei of C3H10T/2 cells equally well (Fig. 5E ). However, K2R-stimulated expression of osteogenic genes and mineralized matrix deposition were significantly lower than those of wild-type RUNX2 (Fig. 5F) . Interestingly, missense mutations in these lysine residues have been found in patients with cleidocranial dysplasia (CCD), a severe skeletal disease caused by insufficiency of RUNX2 transcriptional activity (23, 24) . Thus, we demonstrate that WWP2-modulated RUNX2 ubiquitination may play an important role in osteogenesis and skeleton development.
The type 1A BMP receptor potentiates the WWP2-RUNX2 axis
RUNX2 is a major target of BMP signaling at the transcriptional level (43) . Furthermore, BMP signaling has also been reported to regulate RUNX2 posttranslational modification. For instance, BMP-2 can stimulate the acetylation of RUNX2 at residues Lys-240, Lys-245, Lys-365, and Lys-366 via the histone 
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acetyltransferase p300 (15) . We then asked whether BMP signaling is also involved in WWP2-modulated RUNX2 ubiquitination. The constitutively active form of the type 1A BMP receptor, Bmpr1a-CA, was expressed in HEK293T cells to mimic the activation of BMP signaling (44) . Indeed, co-expression of Bmpr1a-CA obviously enhanced WWP2-modulated RUNX2 ubiquitination (Fig. 6A) . Consistent with the ubiquitination assay, WWP2-dependent RUNX2 transcriptional activity was also augmented by Bmpr1a-CA (Fig. 6B) . Interestingly, the K2R mutation of RUNX2 completely suppressed this regulation. In addition, overexpression of regulatory SMAD1 could not promote RUNX2 ubiquitination (Fig. 6C) , indicating that BMP signaling activates the WWP2-RUNX2 axis independent of the regulatory SMAD. To further access the mechanism employed by Bmpr1a-CA, we examined whether Bmpr1a-CA regulates the interaction of WWP2 with RUNX2. The result, as shown in Fig. 6D , was that the association of WWP2 with RUNX2 was significantly enhanced by overexpression of Bmpr1a-CA. Unexpectedly, we also observed an obvious protein interaction between WWP2 and the intracellular domain of Bmpr1a-CA (Fig. 6E) . Taken together, our results suggest that BMP signaling can modulate RUNX2 ubiquitination by enhancing the association of RUNX2 with WWP2, and this regulation is likely to involve the interaction between WWP2 and the BMP receptor.
Discussion
The transcriptional activity of the Runt domain-containing nuclear factor RUNX2 is indispensable for osteoblast differentiation during both intramembranous and endochondral ossification (4 -8) . Depending on the time and location during the differentiation of osteoblasts and chondrocytes, RUNX2 is transcriptionally activated by various extracellular signals; for instance, BMPs, FGFs, and retinoic acid (4). Numerous nuclear co-activators and co-repressors, such as CBFB, TAZ, RB, and TLE, also temporally fine-tune the transcriptional stiffness of RUNX2 proteins (10, 11, 37, 38, 45) . Here we demonstrated a novel mono-ubiquitination-dependent RUNX2 transactivation to modulate the osteogenic differentiation of mesenchymal stem cells.
NEDD4 family E3 ubiquitin protein ligases such as SMURF1/2 and WWP1 are implicated in age-related bone loss and promote the degradation of a range of key regulators of bone anabolism, including components of the MEKK2-JNK- JUNB cascade and the bone master regulator RUNX2 (17) (18) (19) (20) (21) . However, the member of NEDD4 family E3 ubiquitin ligases WWP2 has been demonstrated to positively regulate skeleton development by activating the SOX9 signaling cascade in chondrocytes (22, 26) . In this study, we observed an age-related decline of WWP2 expression in bone tissues. Moreover, osteogenic differentiation of mesenchymal stem cells promotes not only the expression but also the nuclear accumulation of WWP2. Given these results, we hypothesized that WWP2 might be involved in osteogenesis of mesenchymal stem cells. Indeed, knockdown of Wwp2 in either C3H10T1/2 cells or primary osteoblasts remarkably suppressed main osteogenic genes and bone mineral deposition in post-osteogenic cells. Interestingly, we found that alternations of WWP2 expression in post-osteogenic cells could significantly influence the transcriptional levels of RUNX2-controlled targets, whereas the transcription level, protein stability, and nuclear localization of RUNX2 itself were all unaffected. Accordingly, we speculated that WWP2 could regulate the transcriptional activity of RUNX2. Using a RUNX2-responsive reporter gene, we verified that WWP2 did promote the transcriptional activity of RUNX2. Further studies showed that WWP2 could not regulate the DNA-binding capacity but, rather, regulated the activity of the transcriptional activation domain of RUNX2.
WWP2 modulates the ubiquitination of RUNX2 during osteogenesis, suggesting the involvement of WWP2 in RUNX2 ubiquitination. E3 ligase-dead WWP2 failed to activate RUNX2, whereas expression of exogenous ubiquitin in cells could further enhance WWP2-stimulated RUNX2 transcriptional activity, demonstrating that the E3 ligase activity of WWP2 is essential for RUNX2 transactivation. Protein interaction and ubiquitination assays confirmed that WWP2 can bind to RUNX2 in vitro and in vivo and catalyze the ubiquitination of RUNX2. Importantly, WWP2 catalyzes RUNX2 in a non-proteolytic, mono-ubiquitination manner. This result was consistent with the observation that WWP2 could not accelerate the turnover of RUNX2 proteins. In addition, we provide evidence to demonstrate that BMP signaling may participate in the regulation of the WWP2-RUNX2 axis. The constitutively active BMPR1A can promote WWP2-dependent RUNX2 ubiquitination and transactivation by enhancing the association of RUNX2 and WWP2. The association of WWP2 with the intracellular domain of BMPR1A further supports the involvement of BMP signaling in the WWP2-RUNX2 axis.
Finally, the analyses of individual KR mutations revealed that residues Lys-202, Lys-225, and Lys-240 are essential for WWP2-mediated RUNX2 ubiquitination and activation. The double mutation K202R/K225R (K2R) had the most inhibitory effect on WWP2-dependent RUNX2 activation, whereas further mutation of K240R (K202R/K225R/K240R) did not enhance K2R inhibition (data not shown), suggesting that Lys-202 appears to be the most essential amino acid residue in 
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WWP2-dependent RUNX2 transactivation. The physiological role of WWP2-modulated RUNX2 ubiquitination was validated by overexpressing the K2R mutant in post-osteogenic C3H10T1/2 cells. As expected, either osteogenic marker genes or mineral deposition was remarkably inhibited in K2R-expressed cells. Furthermore, analyses of somatic mutations of RUNX2 gene in human autosomal dominant CCD revealed a number of missense mutations, including K218E, K218Q, and K233R, corresponding to K225E, K225Q, and K240R of the murine Runx2 gene, respectively (23, 24) . The phenotypes of CCD comprise mild dental abnormalities only to severe osteoporosis and clavicular hypoplasia. The insufficiency of RUNX2 transcriptional activity is a major cause of the development of CCD. Therefore, our findings provide insight into how missense mutations affect RUNX2 transcriptional and osteoblastic activity during skeleton development.
Experimental procedures
Antibodies and oligos
Protein A/G-Plus-agarose beads were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to RUNX2 (mAb D1H7, 1:1000, 8486) were purchased from Cell Signaling Technology (Danvers, MA), WWP2 (1:1000, ab103527) from Abcam (Cambridge, UK), G␤2 (C-16, 1:1000, sc-380) and ubiquitin (1:500, sc-8017) from Santa Cruz Biotechnology, HA.11 (16B12, 1:1000, 901514) and Myc (9E10, 1:1000, 626802) from Biolegend (San Diego, CA), and FLAG M2 (1:1000, F3165) from Sigma-Aldrich (St. Louis, MO). The oligos for gene silencing and real-time PCR used in this study are listed in supplemental Table S1 .
Animals
The 4-week-old C57BL/6 mice were from the Shanghai Laboratory Animal Center of the Chinese Academy of Sciences. All experiments were approved by the Animal Care and Use Committee of Fudan University Shanghai Medical College.
Cell culture
HEK293T and C3H10T1/2 cells were maintained in DMEM with 10% FBS and 1ϫ GlutaMAX (Life Technologies) at 37°C and 5% CO 2 . Osteoblasts were isolated from long bones of C57BL/6J mice as described previously (46) . Briefly, long bones were harvested and cleaned, and bone marrow was flushed out. Pieces of bone were incubated in collagenase solution at 37°C, each time for 20 min, repeated four times. Supernatants from the last digestion were collected and cultured in ␣-minimum Eagle's medium with 10% FBS and 1ϫ GlutaMAX at 37°C and 5% CO 2 .
Reporter assay
HEK293T cells were transiently transfected with DNA using Lipofectamine LTX from Life Technologies according to the instructions of the manufacturer. The LacZ plasmid was added to make the total amount of DNA equal (0.25 g/well in a 48-well plate). The Runt-responsive luciferase reporter was constructed by inserting the Runt DNA-binding consensus sequence 5Ј-ACCACA-3Ј into the pGL4.20 vector. The Bglap-luciferase reporter was constructed by inserting the Ϫ1.3 kb promoter of the mouse Bglap gene into the pGL4.20 vector. The Smad-responsive SBE-luciferase reporter was constructed by inserting the 6ϫ Smad-binding consensus sequence 5Ј-GTCT-3Ј into the pGL4.20 vector. The GAL4-reponsive luciferase reporter was constructed by inserting the GAL4 DNA-binding consensus sequence 5Ј-GGTACTCCAGT-CACTCCGCGGATGACGCGACACACCGCGGAAATCCT-CACACTCCG-3Ј into the pGL4.20 vector. Luciferase reporter assays were performed, and the luciferase activities presented were normalized against the levels of GFP expression as described previously (47) .
Viruses
Lentiviruses were constructed with the pLVX-puro vector (Clontech, Mountain View, CA) for gene expression and the pLKO.1 vector (Addgene, Cambridge, MA) for shRNA expression. To prepare viruses, carrier vectors were packaged with the helper plasmids dR8.9 and VSVG and purified by ultracentrifugation. Cells were infected with viruses at a multiplicity of infection of 10.
Gene transcription analysis
Total RNAs were isolated from mouse tissues using a magnetic bead homogenizer in TRIzol reagent or from cultured cells by directly adding TRIzol reagent to the cells. cDNAs were synthesized using the ProtoScript II first strand cDNA synthesis kit (BioLabs, Ipswich, MA). Quantitative real-time PCR (qPCR) analysis was performed using a Power SYBR Green PCR Master Mix (Life Technologies). 18S RNA levels were used as internal controls in the qPCR analysis.
Protein interaction and complex assays
Co-IP experiments were carried out in HEK293T cells. In brief, cells were transfected with the indicated constructs for 24 h and then lysed in a cell lysis buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.5 mM EDTA, protease inhibitor mixture (Roche), and phosphatase inhibitor mixture (Roche)). After centrifugation, the supernatants were pulled down by the indicated antibodies and then analyzed by immunoblotting. For analysis of endogenous protein complexes in post-osteogenic C3H10T1/2 cells, nuclear extracts from 5 ϫ 10 7 cells were collected in 1 ml of buffer containing 20 mM Tris-HCl (pH 7.4), 300 mM NaCl, 1% Triton X-100, 2 mM EDTA, protease inhibitor mixture, and phosphatase inhibitor mixture.
Immunofluorescence
Cells on coverslips were washed once with Dulbecco's phosphate-buffered saline (14190136, Invitrogen) and then fixed for 20 min in DPBS containing 4% paraformaldehyde at room temperature. Fixed cells were permeabilized by 0.1% Triton X-100 for 5 min and then blocked by 2% BSA for 30 min. Finally, cells were stained with primary antibodies followed by FITC-conjugated secondary antibodies. Immunofluorescence images were captured using Leica SP5.
Ubiquitination analysis
The indicated constructs were co-transfected into HEK293T cells along with His-ubiquitin for 24 h, and then cells were harvested in a denaturing buffer (6 M guanidine-HCl, 0.1 M Na 2 HPO 4 /NaH 2 PO 4 (pH 8.0), and 10 mM imidazole). The lysates were incubated with Ni-NTA-agarose beads for 3 h, followed by four washes with denaturing buffer and two washes with a low-salt buffer (25 mM Tris-HCl (pH 6.8) and 20 mM imidazole). Ubiquitinated proteins were eluted by boiling in SDS sample buffer in the presence of 200 mM imidazole. After centrifugation, the supernatants were analyzed by immunoblotting (48) .
Chromatin immunoprecipitation
ChIP assays in cultured cells were performed as according to the instructions of the manufacturer with a ChIP assay kit (Millipore).
Cell differentiation
Primary osteoblasts were seeded at a density of 4.5 ϫ 10 5 cells/6-well plate (Corning, 3516) and maintained in ␣-minimum Eagle's medium (glucose, 5.6 mM). Cells at 80% confluence were induced by osteogenic medium containing 0.1 M dexamethasone, 0.2 mM ascorbic acid (Sigma), and 10 mM ␤-glycerophosphate (Sigma) for 7-21 days. For osteogenic differentiation of C3H10T1/2 cells, cells were seeded at a density of 4.5 ϫ 10 5 cells/6-well plate and maintained in DMEM. Three days after osteogenic induction, the concentration of glucose in DMEM was reduced to 5.6 mM. Quantitative PCR assays were performed on day 7 after osteogenic induction. For Alizarin Red S staining, differentiated cells were fixed with 4% paraformaldehyde for 30 min. Then we removed paraformaldehyde, washed the cells with water twice, and stained them with Alizarin Red S solution for 1 h.
Statistical analysis
We used two-tailed Student t tests to evaluate statistical significance and p Ͻ 0.05 to declare a statistically significant change. We present all values as mean Ϯ S.D.
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